the case of insufficiently skilled or tired operators. This provides a motivation for automating the measurement process, which can be carried out using image analysis.
The majority of MMVFs used in the insulation industry appear as relatively regular elongated cylinders, with a diameter varying between about 0.2 J1m and about 20 J1m, and a length varying from about 1 J-tm to 1000 03BCm or more. A significant minority of these fibres are in some way irregular: non cylindrical fibres (cone portions), fused fibres, broken fibres, etc. Due mainly to the small diameter of the thinnest fibres, the use of electron microscopy techniques is a necessity to obtain high-quality images of such materials. Due to the extreme range of fibres lengths, it is difficult to measure both the diameter and the length of each fibre with accuracy in reasonable times. In this paper, two methods for measuring the diameter of MMVFs automatically using image analysis techniques are oresented. The first method involves a crosssection sample preparation, while the second method uses a flat-bed sample preparation method. We will also indicate how to obtain some information on the length of the fibres when possible.
Polished Section Method
This methods allows to measure the diameter of MMVFs from cross-section images. The analysis of these images was described by Talbot and Terol in [1] and by Talbot in even more details in [2] . We will here only briefly describe the main points of this method.
Fibre segmentation using weighted skeletons. -Fused fibres must be measured separately. In our case, image segmentation is the process that allows to logically separate two or more objects fused together. Mathematical morphology (MM) [3] is an image analysis theory and a set of techniques well suited to the segmentation of microscopy images, such as those in Figure 1 . The main steps of the method, which is not fully developed here, are as follows and are illustrated in Figure 1: . a threshold is chosen in the grey-level histogram of the image between the peak of the background and the one of the fibres (Fig. lb Figure 2a. 3.2 IMAGE ANALYSis ALGORITHMS. -The automated image analysis for the flat-bed fibre method is more complex than for the cross-section method. It is described in details in [2] . Only the general strategy is presented here.
. Large fibres detection: large fibres are those that appear saturated white as deposited on the filter. These fibres are detected using a standard watershed algorithm [8] (see Fig. 2b ). Fig. 2c ),
. Crossing fibres: crossing fibres are detected from the branch points of the skeleton of the binary mask. The directional information of the skeleton on either side of the crossing points is then used for reconstruction (see Fig. 2d ),
. Small fibres detection : these fibres are detected using a specific linear features detector [9] . This method allows to look for linear ridge lines in grey-level images in an efficient manner (see Fig. 2e ). 3.3 MEASUREMENTS AND BIAS CORRECTION. -As for the polished-section method, fibre diameter are measured using the distance transform information, averaged along the skeleton of the fibres. Fibre length is measured using the skeleton length information. In addition to the diameter and length, the number of visible fibre extremities of each fibre is also recorded. This extra information allows us to obtain an unbiased diameter histogram, as well as the mean length by diameter class. From which we build the length, area and volume weighted histograms [10] . This method enables to measure 500 fibres in two to three hours depending on the material, on a modest workstation. 
Measurement Results
All measurements are made at a magnification of x 1000 on 512 x 512 images. An individual pixel on these image is 0.162 film in width and height. The reference standard for both diameter and length measurements is the manual measurement. However, trying to correlate individual fibres measurements is irrelevant because human operators and automated methods do not necessarily "see" the same fibres, and when they do, both give nearly identical results. In other words, it is the segmentation step which is most important, not the measurement step. To present meaningful comparison between human and automated measurement, we have correlated the diameter class frequencies of several histograms as given by both automated methods with the same diameter class frequencies obtained by manual measurements. Both manual and automated measurements were made from the same images of a variety of MMVF products. The frequencies of two histograms for the polished section method (corresponding to about 1600 fibre measurements) and of three different histograms for the flat-bed method (corresponding to about 2 000 fibre measurements) were merged. The frequencies as measured automatically were correlated to the frequencies as measured manually as shown in Figure 3 . As seen in this figure, the correlation is excellent, except for two points obtained with the flat-bed method. These correspond to the first two diameter class of a product with extremely fine fibres, for which measurements classes were 0.5 J-tm wide. When both classes are merged to a 1-micron width, both manual and automated measurements agree again. Both human operators and automated methods have problems measuring accurately such small diameters. Figure 4 shows an identical correlation drawn for the length measurements obtained with the flat-bed method on about 300 measurements. Measurements are integrated over diameter classes for the same reason as above. Only the visible length measurements of each fibre is used, as this is all that human operators can measure. In this figure, the correlation is not quite as good as for diameter measurements, but still acceptable. Also automated measurement appear systematically shorter by about 5%. This has little influence as this difference is the same across all classes, and for the purpose of histogram weighting, only relative measurements are necessary.
Conclusion
We have presented two methods for the automated measurements of MMVFs. The first method allows diameter measurements in cross-sections, with a complex sample preparation but an easy and rapid image analysis technique. It yields only length-weighted histograms, but the individual tasks in the sample preparation can be performed in parallel for shorter preparation times.
The second method allows both diameter and length measurements on flat-bed fibres. The sample preparation is easy and rapid, but the segmentation and measurements steps are complex, and hence slower than with the first method. However, this method can yield a variety of histograms: unweighted, length, area or volume weighted in addition to some length information.
Both method yield results which are well correlated with careful human measurements, and hence appear reliable. We believe that both methods are actually complementary. The first method could be used in day-to-day process control procedures, while the second method, slower but which yields more information on MMVF products, could be used to confirm particular results obtained with the first method, possibly in a process development environment.
